Selected aminothiazolyl-oxime cephalosporin congeners substituted at C-3' with a catechol moiety were used to probe the basis of the enhanced antibacterial activity against Escherichia coli K-12 often associated with chemical modifications of this type. Evidence is presented for a tonB-dependent illicit transport of the compounds across the outer membrane of E. coli K-12, the process involving jointly and specifically the Fiu and Cir iron-regulated outer membrane proteins. Thus, both tonB and flu cir mutants showed a comparably reduced susceptibility to the probe compounds, whereas mutants singularly lacking any one of the six iron-regulated outer membrane proteins (Fiu, FepA, FecA, FhuA, FhuE, and Cir) or lacking any combination of any two of these proteins (except Fiu plus Cir) did not show this resistance. Mutants devoid of all six iron-regulated outer membrane proteins were no more resistant to the probe compounds than fiu cir or tonB strains. In addition to the latter genes, the products of the exbB and possibly the exbC loci were necessary for maximal antibacterial potency. A dependence of antibacterial activity on the level of expression of the uptake system components was noted. Comparison of penicillin-binding protein target affinity with antibacterial activity suggested a possible periplasmic accumulation of active compounds by E. coli K-12. Free vicinal hydroxyl groups of the catechol residue were a primary chemical requirement for recognition by the uptake pathway and thus for high antibacterial activity.
Recent reports have described the enhanced antibacterial potency against members of the family Enterobacteriaceae and pseudomonads of ,B-lactam antibiotics variously substituted with catechol, derivatized catechol, and related moieties (2, 6, 29-31, 33, 34, 45) . Using cephalosporin E-0702 (featuring a catechol derivative at C-7), Watanabe et al. (45) reported the isolation of spontaneous Escherichia coli K-12 mutants specifically resistant to this compound owing to a defect at the tonB locus. From the known functionality of the tonB gene product in the transport of iron-chelated siderophores by E. coli K-12, it was hypothesized that the potency of E-0702 resulted from the incorporation of the compound by a tonB-dependent siderophore transport route (45) . Unpublished studies in this laboratory have shown that such (tonB) mutants of E. coli K-12 can be isolated irrespective of the chemical diversity of the catechol-substituted cephalosporin (catechol-cephalosporin) used. These mutants, like tonB mutants independently isolated as multiply colicintolerant variants of sensitive strains (3, 24, 25) , are specifically cross resistant to catechol-cephalosporins as a chemical class (unpublished observations and this report).
In view of the pivotal importance of the tonB gene product in determining the sensitivity of E. coli K-12 to these agents, we attempted to identify whether any of the known tonBdependent uptake processes of E. coli K-12 could be implicated in catechol-cephalosporin activity.
The tonB gene product of E. coli K-12 is required for the energy-dependent translocation of iron-chelated siderophores and vitamin B12 across the outer membrane by cognate receptor proteins (for reviews, see, for example, references 3, 5, 24, and 32 kDa; and Cir, 74 kDa) is coordinately and inversely regulated in response to the iron status of the organism, as is synthesis of the endogenous siderophore enterochelin (3, 14, 15, 17) . Such regulation is effected by the product of the regulatory locus fur with Fe(II) as the apo repressor (1, 14) and extends to the expression of aerobactin biosynthetic and uptake genes carried by certain ColV plasmids (1, 4, 9, 47) . Transported siderophores have been assigned to all but two (Fiu and Cir) of these outer membrane protein receptors (FepA, ferrienterochelin; FecA, ferric dicitrate; FhuA, ferrichrome; and FhuE, coprogen and rhodotorulic acid) (3, 24) . Some of these iron-regulated outer membrane proteins (IROMPs) also provide colicin and bacteriophage receptor sites (FepA, colicins B and D; FhuA, colicin M and phage T5; Cir, colicins Ia and Tb) (3, 5, 24, 25) . Transmission of the lethal stimuli of these colicins is tonB dependent, whereas that of colicin El (receptor BtuB, the vitamin B12 outer membrane receptor) is not (3, 24) . Similarly, productive infection of E. coli K-12 by phage T5 via the FhuA receptor is tonB independent (3, 5, 18) . In contrast, uptake of albomycin (an antibacterial mimetic of ferrichrome) across the outer membrane by the same receptor also requires the activity of the tonB gene product (3, 32) .
A priori, mutants lacking the outer membrane receptors of any (tonB-dependent) pathway usurped by catechol-cephalosporins should exhibit a resistance phenotype comparable to that of tonB strains. Using this approach with some simple C-3' catechol-substituted aminothiazolyl-oxime cephalosporins as probes, we determined which E. coli K-12 outer membrane proteins are specifically implicated in the antibacterial activity of these compounds.
From this, the possibility of the development of specific resistance compromising the therapeutic use of catecholcephalosporins in humans is considered. (Fig. 1) .
c Spontaneous catechol-cephalosporin-resistant mutant selected as in footnote b, but not tonB (see text).
MATERIALS AND METHODS
Bacterial strains, growth conditions, and isolation of mutants. The E. coli K-12 strains used in this work are listed in Table 1 . In addition, strains BZ132102 (pColB.K260), J53R483, and PAP1370 (pCHAP 9), were used as the source of colicins B, Ia, and M, respectively. Phage T5 was laboratory stock.
All bacterial strains were grown on Iso-Sensitest (IST) agar (Oxoid Ltd., London, England) or in IST broth as appropriate at 30°C. Liquid cultures were vigorously shaken.
Colicin and T5 phage susceptibility was monitored by spotting 20-,ud samples of sterile-filtered preparations onto bacterial lawns (about 108 bacteria per plate) followed by overnight incubation. Colicins were partially purified from the producing strains, and T5 phage was propagated by conflueht lysis (28) . Such preparations could be diluted at least 1,000-fold without loss of activity against susceptible strains. (16) . Strains were seeded on IST agar rendered iron depleted by the addition of iron-free transferrin (final concentration, 5 mg/ ml), and paper disks impregnated with 0.1 ,umol of coprogen were placed on the surface. Growth promotion was monitored by reference to control strains.
Antibiotics and reagents. The structures of the catecholcephalosporins used in this work are shown in Fig. 1 (42) .
Assay of I8-galactosidase. Bacteria grown either in IST broth or on IST agar at 30°C were harvested in Z buffer (28) and disrupted by sonication at 0°C. Sonic extracts were clarified by centrifugation, and the supernatants were assayed without further purification. P-Galactosidase activity was determined at 30°C in Z buffer by monitoring the change in optical density at 420 nm per minute at a substrate Fig. 1 ) by E. coli K-12 strains was monitored as the incorporation of a 55Fe-chelate of the compound. This was prepared at room temperature in 0.1 M NH40H by adding an equivalence of 55FeCl3 (0.1 mCi/ml in 0.1 N HCl) to solutions of compound A to yield the 3:1 (catechol-cephalosporin-iron) complex. The resulting deep red solution was diluted with 0.1 M NH40H to a final concentration of 1 mg/ml and stored at -20°C prior to use. Uptake assays were performed essentially as described by Hantke (16) for 55Fe-labeled siderophores.
Bacteria grown on IST agar (conditions providing significant expression of the siderophore transport systems; see below) were harvested, washed, and resuspended at 0°C in M9 salts solution (28) (pH 8) containing 0.2% (wt/vol) glucose and 100 p.M nitrilotriacetic acid. The bacterial suspensions at an optical density at 650 nm of about 0.8 were equilibrated for 5 min at 30°C with vigorous stirring prior to initiation of uptake by the addition of the 55Fe-chelate to a final concentration of 10 pg/ml. Samples (1 ml) were removed at timed intervals and mixed with 4 ml of 0.1 M LiCl, and the bacteria were rapidly collected on Millipore filters (0.45-p.m pore size). After being washed three times with 4 ml of 0.1 M LiCl, the filters were dried at 37°C for 1 h and their radioactivity was counted in 10 ml of Beckman ReadySolv EP scintillant. Appropriate reaction blanks provided background count rates, and experimental values were corrected accordingly. Tables 1  and 2 ). Such mutants showed multiple-colicin tolerance, resistance to albomycin, sensitivity to phage T5, and, in the case of aro+ strains, hyperexcretion of enterochelin together with a growth defect on iron-depleted medium (3, 12, 24, 35, 36) . In this respect, our findings paralleled those of Watanabe et al. (45) with cephalosporin E-0702.
Selection for lower levels of resistance to compound A (around 20 to 50 times the MIC for the parent strains) yielded an additional mutant class that was tentatively categorized as exbB, since the mutants showed a leaky tonB phenotype (11, 12, 25, 35, 36) , and also a few mutants (less than 0.1% of all mutants studied) that resembled some envZ mutants based on susceptibility to phage X, moxalactam, and carbenicillin (23, 43, 44 cessful, as were attempts to increase further the resistance of tonB mutants to this compound by spontaneous mutation. Many of the (tonB) mutants obtained as spontaneous catechol-cephalosporin-resistant variants appeared to be deletions, since reversion to the wild-type phenotype was not detected (8) .
Catechol-cephalosporin susceptibility of E. coli K-12 mutants lacking IROMPs. The exclusiveness of tonB mutation in providing the highest level of spontaneous catecholcephalosporin resistance in E. coli K-12 implies that more than one (tonB-dependent) outer membrane protein species is involved in the activity of these compounds. The susceptibility to compound A and to ceftazidime of E. coli K-12 derivatives lacking each of the six IROMPs is shown in Table 2 . A slight increase in resistance to the probe compound was noted in the Cir-deficient strain (H1300), but the level was still 2 orders of magnitude lower than that of isogenic tonB derivatives (strains H1252 and C1076). All other strains singularly defective in any one IROMP showed susceptibility to compound A comparable to that of their controls.
In these mutants, the gene products have been lost by the fusion of the Mu dl(Ap lac) phage genome (7) to the regulatory sequences of the corresponding structural genes (14, 16, 19, 40, 48) . The absence of the designated IROMPs was confirmed by SDS-PAGE ( Fig. 2A ) except in the case of the FhuE protein, which was not readily demonstrable under the conditions used. Its presence or absence was consequently confirmed by coprogen-mediated growth promotion tests (see Materials and Methods). It should also be noted that FecA is not induced in a tonB background (strains H1252, C1072, and C1076), as reported by other workers (22, 48) . Mutants defective at exbB and, to a lesser extent, exbC (strains Z117 and H1608, respectively) also showed a modest increase in resistance to the probe catechol-cephalosporin, but again not to the extent of tonB variants.
Since significant increases in the catechol-cephalosporin resistance of E. coli K-12 could not be provided by the loss of any one IROMP, mutants lacking each of the 15 possible combinations of two of these six proteins (Table 1 ; Fig. 2B ) were examined for altered susceptibility to the probe compound (Table 2) .
Only mutants (e.g., strain C1001) simultaneously lacking both the Fiu and Cir proteins exhibited a reduced susceptibility to compound A comparable to that of tonB mutants. Susceptibility to ceftazidime was unaltered. This clearly implicates the Fiu and Cir proteins to be involved jointly in the tonB-dependent antibacterial activity of the probe compound.
Confirmation of this was provided by an analysis of spontaneous catechol-cephalosporin-resistant mutants selected from fiu (strain H1594) and from cir (strain H1300) backgrounds. Selection at 2 ,ug of compound A per ml yielded fiu cir and cir fiu mutants at a nominal frequency of about 10-7. Representative isolates designated C1080 and C1086 (derived from H1594 and H1300, respectively) showed the predicted loss of IROMPs (Fig. 2B) . The selection also yielded tonB variants of strains H1594 and H1300 in about equal proportion to the anticipated mutants. However, such fiu tonB and cir tonB mutants could be readily distinguished by their insensitivity to colicins B and M and resistance to albomycin. Apart from those described, no other mutant classes were found among 50 independent compound A-resistant mutants of strains H1594 and H1300.
The possibility of the involvement of IROMPs of E. coli K-12 other than Fiu and Cir in catechol-cephalosporin activity was further discounted by a comparison of the resistance of a strain lacking all six IROMPs with that of tonB andfiu cir mutants (Table 3) . Strain C1093, devoid of all six IROMPs, was derived from E. coli H1785 (Table 1) by the sequential selection for spontaneous colicin B (strain C1090), colicin Ia (strain C1091), and phage T5 (strain C1093) resistance. The associated loss of IROMPs was confirmed by SDS-PAGE (Fig. 2C) (24, 25) likewise showed no further increase in resistance to compound A (data not shown), indicating that the tonB-dependent vitamin B12 outer membrane receptor does not provide an uptake facility for catechol-cephalosporins. A similar conclusion was drawn for the aerobactin receptor Tut, specified by certain PBP affinity. The affinity of catechol-cephalosporin A and of some amide-linked analogs (Fig. 1) for the PBPs of E. coli H1443 is shown in Table 4 Effect of uptake system expression on catechol-cephalosporin susceptibility. The expression of the siderophore synthesis, transport, and utilization systems of E. coli K-12 is modulated in response to the iron status of the organism (14) . Therefore, it is reasonable to anticipate some dependence of catechol-cephalosporin activity on the level of expression of the gene products involved in the uptake of these agents.
The expression of thefiu, cir, tonB, exbB, and exbC genes of E. coli K-12 was monitored by determining the level of ,-galactosidase elaborated by corresponding Mu dl(Ap lac) operon fusions (7, 14) . All these genes were highly expressed in bacteria grown on IST agar but correspondingly repressed in parallel broth cultures (Table 5) ; expression of the genes in agar-grown bacteria was repressed by the addition of exogenous iron. The ,-galactosidase elaborated by an fhuA::Mu dl(Ap lac) strain (H1196) showed a similar medium dependency (Table 5 ). However, mutation at the fur regulatory locus (strain H1274) resulted in high 3-galactosidase levels under all growth conditions, as reported by Hantke (14) . These observations suggest that IST agar (but not the corresponding broth) is relatively low in available iron with concomitant induction of iron-regulated genes. Other workers have observed similar effects with other media (14, 16) .
The influence of these differing levels of expression on the susceptibility of E. coli K-12 to probe catechol-cephalosporin A is shown in Table 6 . The control strain E. coli H455 was about 30 times more resistant in broth than on agar. A similar result was obtained for E. coli H1196, but a comparison with its fur derivative (H1274) showed that susceptibility was restored by mutation at fur. The susceptibility of isogenic tonB and cir fiu strains was not influenced by medium (Table 6) , and all strains showed the same susceptibility to ceftazidime in both broth and agar media (data not shown).
DISCUSSION
Our findings indicate the involvement of both the Fiu and Cir IROMPs of E. coli K-12 in the tonB-dependent antibacterial activity of aminothiazolyl-oxime cephalosporins substituted with a catechol-containing moiety at the C-3' position.
In addition to the products of the fiu and/or cir and tonB loci, those of the exbB and possibly exbC loci are also required for the full expression of antibacterial potency. In this respect, a close analogy exists between catechol-cephalosporin activity, the transport of siderophores and vitamin B12, and the action of certain colicins (3, 5, 24) .
The results confirm and extend the findings of Watanabe et al. (45) who proposed the uptake of cephalosporin E-0702 by coli K-12 (10, 20, 27, 38 (10, 20, 27) ; it would be of interest to investigate the role of the Fiu and Cir receptors in the transport of the latter analogs.
Uptake studies with a "Fe-chelate of the probe catecholcephalosporin support the tonB-dependent incorporation by Fiu and Cir. Further work is in progress in this laboratory to study the relative contributions of transport by the two receptor species to the overall uptake rate. The slight increase in catechol-cephalosporin resistance shown by cir mutants suggests that this route is kinetically dominant. Our findings do not imply per se that a catechol-cephalosporin is only recognized and transported as an iron-chelate; we used this facet merely as a convenient approach to radiolabel the substrate. Assays with specifically labeled catechol-cephalosporins and with their dual-labeled 55Fe-chelates may be necessary to resolve this point. If the formation of ironchelates is a necessary prelude to transport by Fiu and Cir, then the nature of the complexes (21) and whether the receptors discriminate between them must be considered. However, Pugsley et al. (37) found no evidence for the formation of an iron-chelate being a necessity for transport of the rifamycin derivative CGP-4832 by FhuA.
The fiu and cir genes of E. coli K-12, in common with all those concerned with siderophore synthesis and capture, are subject to negative regulation by Fur, with Fe(II) as the corepressor (1, 9, 14, 15) . At basal-level expression of the uptake receptors, significant rates of catechol-cephalosporin transport presumably occur since a reduction of receptor copy numbers to zero (i.e., fiu cir mutants) causes the most pronounced increase in resistance. However, the rate of catechol-cephalosporin uptake facilitated at basal (or near basal) level receptor expression may still be a limiting factor in the overall antibacterial process, since susceptibility may be increased by mutation atfur.
That two distinct outer membrane receptors of E. coli K-12 are involved in the tonB-dependent activity of catechol-cephalosporins explains why spontaneous resistant mutants of wild-type strains are invariably defective at tonB. The simultaneous loss of two intercompensating receptors as a spontaneous single-step mutational event would be precluded by the likely frequency. Since mutation at the regulatory locus fur causes constitutive IROMP expression (14, 17) and thus increased catechol-cephalosporin susceptibility, significant resistance as a consequence of a regulatory mutation seems unlikely. Interestingly, some mutations at the envZ locus are reported to confer a noninducible, or perhaps superrepressor, phenotype for IROMPs (26) . We obtained putative envZ mutants at low frequency among variants of wild-type strains by selection for modest resistance to compound A. Presumably, the suboptimal rate of catecholcephalosporin uptake provided by the basal-level expression of the outer membrane receptors in such strains accounts for their slightly increased resistance.
The high mutation frequency of E. coli K-12 to catecholcephalosporin resistance observed in the laboratory is unlikely per se to compromise the effectiveness of such compounds as potential therapeutic agents. Only tonB mutation can provide significantly reduced susceptibility and can occur at a frequency of possible clinical relevance. However, the inability of tonB mutants to transport iron-chelated siderophores effectively precludes their survival in the irondepleted in vivo environment (3, 46) . If, however, some clinical E. coli isolates naturally lack either Fiu or Cir, then spontaneous receptor-deficient catechol-cephalosporin-resistant mutants might be selected and should survive in vivo since the necessary iron sequestration by the enterochelin or aerobactin (in ColV+ strains) pathways or both would be unimpaired.
In 
